Abstract: Nanoparticles are used in large quantities for very different applications. A precise determination of the diameter and the particle size distribution which is responsible for the application properties is therefore essential. Reliable methods for measuring the above mentioned quantities are photometric measurements and analytical ultracentrifugation with an UV optics detector. Both methods are ruled by the Mie effect, that is scattering and absorption of the particles as function of the diameter, the wavelength, and the shape of the particles. The extinction coefficients e = t/c for spheres, rods, and core shell particles have been calculated and plotted over a wide range of the size parameter p d/l. Two examples for multimodal latex particles and core shell particles have been given and demonstrate the applicability of the method.
INTRODUCTION
Nanoparticles are produced in large quantities for very different applications such as lacquers, dyes, cosmetics, food, magnetic storage materials, catalysts, and print materials. On the other hand, biological systems contain different nanoparticles, e.g., liposomes. An important physical quantity of all nanoparticles is their diameter or, in the case that the nanoparticles consist of different diameters, the particle size distribution. The most reliable experimental methods for the characterization of nanoparticles are photometric measurements, analytical ultracentrifugation (AUC), and dynamic light scattering (DLS). AUC has the advantage that the particles are fractionated during sedimentation, therefore, different sizes of particles may be detected with high precision, i.e., the complete size distribution at high resolution.
In this paper the extinction coefficient e = t/c for spheres, rods, and core shell particles have been calculated and plotted over a wide range of the size parameter pd/l. Subsequently two examples for spheres and core shell particles are presented.
EXTINCTION COEFFICIENT FOR SPHERES, RODS, AND CORE SHELL PARTICLES
If light passes a solution the intensities of the incident and the scattered beam together with the absorbed beam follow Lambert-Beer's law:
with I p = intensity of the incident beam, I = intensity of the beam passing the solution, t = turbidity, l = length of the cell, c = concentration of the particles in the solution and e = t/c = specific turbidity or extinction coefficient. With this law in mind photometric measurements or analytical ultracentrifuge measurements with absorption optics allow the determination of the particle concentration under the assumption that the extinction coefficient e could be calculated. Fractionation of the particles in the analytical ultracentrifuge allows the determination of the particle size distribution of the dissolved or dispersed particles. The calculation of the extinction coefficient for spheres has been done by Mie. 1 Starting with Maxwell's equations Mie has developed the extinction efficiency Q ext as a function of the size parameter p d/l (d = diameter, l = l 0 / n 0 = wavelength) and the refractive indices of the solvent n 0 and the spherical particles n 1 . In the case that the incident light is not only scattered but also absorbed by the particle the complex refractive index of the particle N 1 = n 1 + ik 1 with i = (-1) 1/2 has to be applied. The complete equations for Q ext are found in the literature [1] [2] [3] [4] [5] . For the extinction cross section c ext (total light energy absorbed and scattered by one sphere) it holds:
The turbidity or attenuation coefficient t is then definied as
with 1 N = number of particles per unit volume (particle number density). Conversion of 1 N to j = 1 N u with j = volume fraction of the particles in the collection and u = (1/6) p d 3 = volume of a single particle yields
Combination of Eqs. (2) -(4) yields
In many cases the mass concentration c = m 1 / V (m 1 = mass of the particles and V = volume of the solution) instead of the volume fraction of the particles is preferred. As j = V 1 /(V 0 + V 1 ) » m 1 (r 1 V 0 ) = c/r 1 (r 1 = density of the particles) the final equations for the turbidity t and the specific turbidity e = t/c for spheres are obtained:
In the cases of scientific and technical applications coated spheres are of major interest. Examples are liposomes and grafted polymer particles which are widely used in industry.
In Fig. 1 n 0 , n 1 , and n 2 are the refractive indices of the medium, the core and the shell, respectively and d 1 and d 2 are the diameters of the core and the shell. The values of Q ext as functions of n 0 , n 1 , n 2 , d 1 , d 2 and l are given in the literature. 2, 3, 6, 7 Figures 2a and 2b demonstrate the specific turbidity t/c as a function of the reduced size parameter p d/l for spheres. The t/c values were calculated according to Eq. (6) with r 1 = 1 g/cm 3 . For densities of the particles which differ from unity one has to divide the t/c values with r 1 Figures 4a and 4b demonstrate remarkable differences between spheres and cylinders with respect to the specific turbidity. The calculation of e = t/c in conjunction with Lambert-Beer's law, Eq. (1) enables the determination of the concentration of the particles c if the optical density ln(I p / I) and the thickness of the solution in a cuvette could be measured. Fractionation of the particles by applying a gravitational field allows the determination of the particle size distribution.
In principle there are two possibilities for the measurement of the particle size distribution with an analytical ultracentrifuge:
a) The AUC has a variable slit moving as fast as possible during distinct times from the meniscus to the bottom. A lamp illuminating the slit together with a light detector measures the intensity I(t) as a function of the rotor distance r. This method may be improved by positioning many light detectors, i.e., photodiodes along the complete distance from the meniscus r m to the bottom r b .
b) The AUC has a constant slit with a radius position r s » (r m + r b )/2. A lamp illuminating the slit together with a light detector measures the intensity I(t) of the moving particles at a constant rotor distance r s . Most of the AUC techniques for the determination of the particle size distribution use this second method. The following equations hold for this method.
Following Eq. (1) the ratio of the turbidity at the time t, t(t) and the turbidity at the time t = 0, t(0) could be determined via the experimentally accessible intensities of the solution and the solvent: 
with I(t) and I(0) = intensities of the solution at the time t and at the time t = 0, respectively, and I p = intensity of the solvent. In the case that all dissolved or dispersed particles have identical specific turbidites e i = e the relative concentration of the particles could easily be determined:
Using an analytical ultracentrifuge particles with different sizes could be fractionated according to their diameter using Stoke's well known law: 11 For sector shaped cells the dilution rule has to be applied:
In the case of different particle sizes one has to apply for each species a different specific turbidity (t/c) i = e i according to Eqs. (6) and (7): 
EXPERIMENTAL
The experimental setup has been described extensively in the literature. 12 Several monodisperse polystyrene calibration latices with different diameters have been produced by BASF AG, Ludwigshafen. The core-shell particle has been synthesized by emulsion polymerization of styrene with subsequent grafting of the particles with methyl methacrylate. The particles were dispersed in water with 0.5 % of a surfactant.
RESULTS AND DISCUSION Figure 5 shows AUC measurements on a polystyrene latex mixture (the polystyrene latices were synthesized by BASF AG, Ludwigshafen, Germany) with diameters 200, 350, 520, 700, 950 and 1450 nm. Curve A is the integral particle size distribution of the latex mixture without Mie correction; curve B is the Mie corrected integral distribution. The differences are dramatical. It has been demonstrated that the Mie correction has a large influence on the size distribution of the particles. The differential curve is the derivation of the Mie corrected curve B. Figure 6 shows AUC measurements on a core shell particle with a polystyrene core and a poly(methyl methacrylate) shell. The refractive indices of the core were assumed as n = 1.60 and that of the shell as n = 1.50; the thickness of the shell was assumed to be 40 nm. Curve A is the integral particle size distribution of the core shell particle without Mie correction; curve B is the Mie corrected integral distribution. The . AUC measurements on a core shell particle with a polystyrene core and a poly(methyl methacrylate) shell (see text).
differential curve is the derivation of the Mie corrected curve B. The result of the evaluaton was that the production of this core shell particle was performed without side reactions and a remarkable narrow distributed size particle distribution.
